Transfer RNAs isolated from E. coli grown in media where ferric iron is not freely available show well characterized chromatographic changes due to the absence of the methylthio moiety of ms 2 i6A. The altered tRNA molecules include tRNAtrp tRNA t v r , tRNAP he and two minor tRNA s e r species. It has been suggested that methylthiolation of tRNA affects its function in regulation. We now show iron-related changes in tRNA'-1
INTRODUCTION
Escherichia coli tRNAs which contain the hypermodified nucleoside 2-methylthio-N -( A -isopentenyDadenosine (ms i A) adjacent to the anticodon (1, 2) show well characterized chromatographic shifts when the bacteria are grown in iron deficient media (3, 4, 5 ) . The altered tRNAs from such iron deficient E. coli lack the methylthio moiety of ms i A (3). Similar alterations occur in the tRNAs of pathogenic E. coli grown in body fluids which contain the iron-binding proteins transferrin or lactoferrin and in defined media containing transferrin or ovotransferrin (6) . The same iron-related tRNA alterations are also found in pathogenic E. coli recovered directly from the peritoneal cavities of lethally infected animals (7) . The tRNAs altered during iron restriction include tRNA t r p , tRNA t y r and tRNA phe and two minor tRNA s e r species (6, and unpublished data) . Recent work has suggested a regulatory function for the methylthio-modification of the isopentenyladenosine ( i A) in tRNA ( 8, 9 , and unpublished data). It has been proposed that this physiologically mediated change in post-transcriptional modification of tRNA leads to relief of transcription termination at the attenuator of certain operons of the aromatic amino acid biosynthetic pathway and thus to their increased expression under iron restricted conditions ( 8, 9) , in much the same way as does the constitutive loss of the isopentenylating system in E. coli mia A" mutants ( 22, 23) . This depends upon the reduced translational efficiency of the undermodified tRNAs when reading contiguous codons ( 8, 24 and unpublished data).
Methylthiolations of tRNA also influence aromatic amino acid transport in E. coli (9) . Since many body fluids contain transferrin and lactoferrin (10) it is believed that these regulatory features form an important part of the physiological response of E. coli to growth in the iron restricted environment of the animal body. Enterochelin, a microbial iron chelator important for removing iron from the iron binding proteins and for virulence, is synthesized by way of a branch of the aromatic pathway (10-13).
In order to expand the scope of our work and to see whether methylthiolation of tRNA is iron dependent in other bacteria we have examined the state of tRNA r P from Pseudomonas aeruginosa, Salmonella typhimurium, Klebsiella pneumoniae and Serratia marcescens following iron restricted growth. These organisms were chosen with regard to the role of tRNA " in regulating transcription termination in the trp operons of S. typhimurium and S. marcescens (14) (15) (16) , the knowledge that Ps. aeruginosa contains 2-methylthio-N -(3-hydroxymethylbutene-2-yl)adenosine (ms io A) an ms i A derivative (17) , and lastly that S. typhimurium and K. pneumoniae both synthesize enterochelin under conditions of iron restriction (12) .
METHODS
Bacterial strains and growth of bacteria. The following organisms were used: S. typhimurium LT2 (NCIB 10249); K. pneumoniae, Ps• aeruginosa and S. marcescens from stocks held at NIMR, Mill Hill, London. The bacteria were stored at -70°C in brain heart infusion (Difco) containing 10% glycerol and grown at 37°C from an inoculum of 1 0 / 1 0 cells per ml in trypticase soy broth with or without ovotransferrin as described before (6) with the following exception: cultures of Ps. aeruginosa were gassed using 5% C 0 2 , 95% 0. rather than the COj/Nj/air mixture. All bacteria were grown for 5-6 h at 37 C before harvesting by centrifugation (4°C). Iron was added, where indicated, as ferric dicitrate (6) . Labelling of transfer RNA 3 9 P labelled tRNA was obtained by first growing the cells for 2 h in 100 ml of trypticase soy broth and then resuspending the cells in 200 ml of a low phosphate broth media containing per litre: 17 g of bactotryptone, 3 g of soytone peptone, 2.5 g of dextrose and 5 g NaCl (pH 7.4). Four mCi of 2 Porthophosphate was added and growth continued at 37 C for a further 3.5 h before harvesting the cells. 14 C-methyl labelled tRNA was obtained in a similar manner. Bacteria were grown for 2 h in a 5% methionine deficient medium (Difco) (100 ml) supplemented with L-methionine (40 yg/ml). The cells were washed in 0.15M NaCl and resuspended in the same 14 medium except that 50 pCi of L-(methyl-C)-methionine replaced the cold L-methionine. Growth was continued for a further 3.5 h before harvesting the bacteria. 35 S-labelled tRNA was produced essentially as described by Brownlee (18) . The initial culture was grown for 2 h in minimal sulphur labelling medium (10 0 ml) containing MgSO^. The cells were resuspended in 200 ml of the same medium except MgCl 2 replaced MgS0 4 and 10 mCi of 3 5 S O 4 was added. Cells were grown for a further 3.5 h. 14 C-adenine labelled tRNA was prepared in the same way as the S labelled tRNA except the initial 2 h growth medium contained 100 pM adenine and 100 pM guanosine in addition to MgSO u . Cells were resuspended in 100 ml of this same medium 14 except cold adenine was replaced by 50 pCi of (U-C)-adenine. Growth was continued for 3 h. In all instances, the cultures were aerated by vigorous stirring and the cells were harvested by centrifugation at 4 C. Aminoacylation of tRNA Transfer RNA was aminoacylated in vivo as previously described (6) . 1 (20) . After incubation at 37°C for 20 min. the reaction was terminated by the addition of 0.1 volume of 20% KAc (pH 4.5). Charged tRNA was isolated by phenol extraction and repeated ethanol precipitations. Column chromatography Aminoacyl tRNA was chromatographed on BD-cellulose (6) using a 0.15% v/v ethanol gradient in 1 M NaCl, 0.05 M NaAc, 0.01 M MgAc (pH 4.5). Isolation of tRNA t r p .
1 4 C or 3 5 S labelled tRNA t r p charged with 3 H-tryptophan was chromatographed on BD-cellulose. The peak of H radioactivity was located, the fractions pooled and the tRNA precipitated with ethanol after the addition of carrier unlabelled tRNA from E. coli MRE 600 (3-5 A units). The precipitate was collected on a 0.45 y filter and deacylated. Following re-precipitation, the tRNA was re-chromatographed on BD-cellulose (0-15% ethanol gradient) and the peak of tRNA r p , which eluted ahead of that region characteristic of the acylated material, was located by 35 14 assaying for cold-TCA precipitable S or C radioactivity.
These fractions were pooled and precipitated as before and were used as a source of partially purified tRNA r p . Column eluates from the first chromatographic step were sometimes used as a were added, and the final volume adjusted to 200 ul.
Incubation was continued for a further 15 h at 37 C. Nucleotides were chromatographed on Whatman 3 MM paper in iPrOH/NH,/ H 2 0 (70/1/30). Electrophoresis was conducted on Whatman DE81
paper for 3 h at 2 KV or on Whatman 3 MM paper for 1 h at 4 KV.
The electrophoresis buffer consisted of formate or pyridinium acetate at pH 3.5 ( 1 8 ) .
RESULTS

Alterations in tRNAs induced by iron-binding proteins.
Previous work has shown that trp-tRNA " from iron replete E. coli elutes as a single peak from BD-cellulose whereas that from iron restricted E. coli elutes as a distinct major peak (95% total tRNA ^) , well ahead of the position characteristic of the normal species ( 6 ) . This chromatographic shift is due to the absence of the methylthio moiety ( 8 , and unpublished d a t a ) . In contrast, trp-tRNA r P from iron replete S. typhimurium and K. pneumoniae, eluted as two peaks ( Fig. la and l b ) .
In organisms grown in trypticase soy broth 50-60% of the tRNA eluted in the late position and 40-50% in the early position.
Both the nature of the growth medium and growth period affected the relative proportion of each tRNA r^ peak from S. typhimurium.
For example, the proportion of early eluting tRNA r^ was increased in bacteria grown in brain heart infusion broth. (Fig.  le) . However, the rate of conversion to the normal iron replete elution profile was slower than that seen in S. typhimurium.
Trp-tRNA r p from Ps. aeruginosa also showed changes under iron restricted growth. Trp-tRNA r p from Ps. aeruginosa grown in iron replete trypticase soy broth showed two peaks of equal size (Fig. 2a) . When the bacteria were grown in the same medium containing ovotransferrin, the late eluting peak disappeared and a new peak appeared eluting ahead of both original peaks (Fig. 2b) . Adding iron to Ps. aeruginosa which had been growing for 5 h in broth with ovotransferrin resulted, after 2 h, in the appearance of the late eluting peak and the appearance of the early eluting peak generated by iron- Subsequent electrophoresis of this material on DE81 paper in either buffer system gave a single spot with an R,. characteristic of ms i Ap (18) . A compound with identical chromatographic and electrophoretic properties was isolated from Slabelled bulk S. typhimurium tRNA.
An unidentified hydrophobic modified nucleoside from S. marcescens
The fact that tRNA P isolated from S. marcescens grown under iron restricted conditions showed no shift on BD-cellulose chromatography suggested either that methylthiolation of tRNA in this organism was insensitive to iron restriction or that tRNA r P did not contain ms i A. These possibilities were investigated using procedures which would detect ms i A in tRNA from iron replete bacteria. Results showed that although ms i A was not present in bulk tRNA, a hydrophobic nucleotide(s) was found which was labelled after growth of S. marcescens in the 14 3 5 presence of [ C -methyl]-methionine or S. While the unknown nucleotide(s) had an R, of 0.46 in the isopropanol system it 2 6 was distinguished from ms i A by electrophoresis on DE81 paper in both the formate and pyridine buffer systems. In the formate system, the unknown resolved as two products with R^ values of 0.86 and 0.96 (Ry of ms 
DISCUSSION
The present work shows iron-related changes in tRNA " from S. typhimurium, K. pneumoniae and from Ps. aeru-
